People whose birthweights were towards the lower end of the normal range are at increased risk of coronary heart disease. This is attributed to foetal programming through malnutrition, but the cause of the malnutrition is unknown.
Introduction
People who, although born at term, had birthweights towards the lower end of the normal range are at increased risk of coronary heart disease. 1 -4 This is thought to reflect foetal programming, the process whereby malnutrition in utero, and consequent small body size at birth, alters gene expression and leads to lifelong changes in the body's organs and systems. 5 A baby's nutrition depends not only on its mother's diet during pregnancy but also on her lifetime nutrition and metabolism, which are reflected in her height and weight. 6 A baby's nutrition also depends on the placenta's ability to transport nutrients to it from its mother's blood. 7 Placental weight correlates with birthweight and placental size is therefore related to its function. 8 In some circumstances a foetus that is undernourished in mid-gestation can expand the placental surface to extract more nutrients from the mother. 9, 10 This leads to a high placental weight in relation to birthweight. Both low placental weight and high placental weight in relation to birthweight have been shown to predict coronary heart disease. 11, 12 This indicates that placental size is linked to the foetal programming of coronary heart disease. Placental weight is a crude marker of placental size because it does not distinguish the size of the surface from the thickness. Growth of the surface reflects recruitment of maternal spiral arteries while thickness reflects the depth of invasion of the maternal endometrium. 13 Recruitment of sufficient spiral arteries, and adequate invasion of the recruited arteries are both prerequisites for normal placental function. We have been able to examine, for the first time, how the size and shape of the placental surface relate to coronary heart disease. The Helsinki Birth Cohort comprises men and women born during 1934-44, for whom the size of the placental surface was routinely recorded. 4, 10 A priori it is likely that the contribution of placental size to foetal programming will depend on the mother's nutritional history, reflected in her body size. We have therefore examined the effects of the placental surface within different categories of the mother's body size. We hypothesized that the association between low birthweight and coronary heart disease reflects combinations of maternal body size and placental size that restrict foetal nutrition and growth and programme the foetus.
Methods
The Helsinki Birth Cohort includes 6975 men who were born in the city during 1934 -44 and went to child welfare clinics. They were born in either the University Central Hospital or in the Maternity Hospital. Details of the birth records have been described. 4 They include the mother's height and weight in late pregnancy, her age and parity, and the date of her last menstrual period. The weight and length of the baby were recorded, and we calculated the ponderal index (birthweight/length 3 ). The records also include the weight of the placenta, together with the maximal so-called 'diameter' of the surface and a lesser 'diameter' bisecting it at right angles. 10 We refer to these diameters as the length and breadth of the surface. They were measured because, in the past, it was recognized that the placental surface is more oval than circular and the two diameters were used routinely to describe this. 14 The placental measurements were correlated, r ¼ 0.58 for length and breadth, 0.50 for weight and length, and 0.45 for weight and breadth. Assuming an elliptical surface, we estimated the surface area of the placenta as length × breadth × p/4. We used the difference between the length and breadth to determine the degree of ovality of the placental surface. Assuming a constant density we estimated the thickness of the placenta as weight divided by area. We used the father's occupation to define the mother's social class. Based on a classification from Statistics Finland fathers were grouped into upper and lower-middle class and manual workers. The men's own occupations, recorded at successive 5-year censuses from 1970 to 2000, were obtained from Statistics Finland, who grouped them into four categories-higher official, lower official, self-employed, and manual worker. We used the highest category attained. Using the personal identification number assigned to each Finnish citizen, we identified all hospital admissions and deaths from coronary heart disease among the men during 1971-2003. In ascertaining coronary heart disease, we used the international classification of diseases (ICD) codes that define myocardial infarction and ischaemic heart disease: ICD-8 and ICD-9 codes 410-414 and in ICD-10 codes I21-I25. All hospital discharges in Finland are recorded in the national hospital discharge register, and all deaths are recorded in the national mortality register. In all, 655 men had either been admitted or had died from coronary heart disease. The equivalent figure for women was 166 and we therefore restricted our analyses to men.
Statistical methods
The endpoint for our survival analysis was the first admission to hospital with coronary heart disease, or death from the disease. Men were censored in the analysis when they migrated from Finland or died. The median age at the end of follow-up was 60.8 years (interquartile range 58.4 -63.2). We used a Cox proportional hazards model to calculate the hazard ratios for coronary heart disease for a unit increase in the measurements of maternal, placental, and birth size, and the length of gestation. To determine the statistical significance of trends in coronary heart disease, the measurements were analysed as continuous variables although they are presented in the tables as groups. The significance tests were two sided and we used P ¼ 0.05 as the threshold for statistical significance. In previous analyses of hypertension, we divided the mothers around their median height as associations with placental size differed in short and tall mothers. 10 We used the same division in the current analyses, in which we also subdivided the mothers according to their median body mass index in pregnancy. We also examined primiparous and multiparous mothers separately because the processes of placentation are different in first and later pregnancies. Our software was SPSS version 15.
Results
There were 655 cases of coronary heart disease, 211 of whom had died. Table 1 shows the mean size of the mothers, placentas, and newborn babies. Neither the mother's height, weight, age nor parity predicted coronary heart disease, and the disease was unrelated to the length of gestation. Table 2 shows hazard ratios for coronary heart disease according to the men's body size and placental size at birth. The disease was associated with low birthweight (data not shown, P for trend ¼ 0.0006) and more strongly with low ponderal index ( Table 2) . Hazard ratios increased with reduced breadth of the placental surface (P ¼ 0.01). There was no similar trend with the length of the surface and hazard ratios therefore increased as the difference between the length and breadth increased, that is, as the placental surface became more oval ( Table 2) .
We divided the men around the median height of their mothers (160 cm). Table 2 shows that the trend in coronary heart disease with an oval placental surface was confined to men with short mothers. The interaction between the effects of ovality and mother's height was statistically significant (P for interaction ¼ 0.03). We examined whether the effect of ovality varied with the mother's parity. Table 3 and Figure 1 show that the effect was confined to men whose mothers were primiparous. In these men, the hazard ratio for coronary heart disease was 1.14 (95% confidence interval 1.08-1.21, P , 0.0001) for each centimetre increase in the difference between the length and breadth of the placental surface. The interaction between the effects of ovality and mother's parity was strongly statistically significant ( Table 3) . The interaction was unchanged by exclusion of pregnancies complicated by pre-eclampsia. We further subdivided the mothers around their median body mass index in pregnancy (26 kg/m 2 ). Among men whose mothers were short, the effects of an oval placenta on later coronary heart disease did not differ in the two maternal body mass index groups. Table 4 shows, however, that among men whose mothers were tall there were different associations between placental size and coronary heart disease in the two body mass index groups. In men whose mother's body mass index was above the median, coronary heart disease was associated with low placental weight and small placental area ( Table 4) . In these men the hazard ratio was 1.25 (1.10-1.42, P ¼ 0.0007) per 40 cm 2 decrease in the surface area. We examined the effects of low placental area across the entire range of mother's body mass index. The effects of low area on the risk of coronary heart disease rose progressively with increasing maternal body mass index (P for interaction ¼ 0.01).
In men whose mother's body mass index was below the median (Table 4) , coronary heart disease was related to a high ratio of placental weight to birthweight and a high ratio of placental area to Maternal2placental size and coronary heart disease birthweight (P ¼ 0.02). In these men the hazard ratio was 1.07 (1.02-1.13, P ¼ 0.01) per 1% increase in the placental weight/ birthweight ratio. In none of the three placental phenotypes that predicted coronary heart disease ( Tables 2 and 4 ) was the disease associated with placental thickness.
Interactions with birthweight
We examined whether the effects of placental size on later coronary heart disease interacted with the effects of birthweight. Treating birthweight as a continuous measure, there were no interactions between any placental measurement and birthweight.
Social class
Placental size was not related to the mother's social class or to the men's own social class. The associations between placental size and coronary heart disease were little changed by adjustment for either social class.
Discussion
We found that three combinations of maternal body size and placental size predicted later coronary heart disease in men. The disease was associated with (i) an oval placental surface in short mothers, (ii) a small placental surface in tall mothers whose body mass index was above the median, and (iii) a large placental surface in relation to birthweight in tall mothers whose body mass index was below the median. These associations were independent of the men's social class or the social class of the family into which they were born. In each combination of maternal body size and placental size the babies that later developed coronary heart disease tended to have a low ponderal index, indicating that they were undernourished. 7 The three maternal-placental phenotypes may reflect three different circumstances in which a foetus becomes undernourished, and coronary heart disease is programmed. A foetus may be undernourished because the mother's nutritional state and metabolism, which are reflected in her body size, limit the availability of nutrients at the placental surface. Alternatively, the mother's nutritional state and metabolism may adversely affect the development and function of the placenta. Thus, the predictions of coronary heart disease by placental size and shape are conditioned by the mother's body size. For this reason, as we have previously found in analyses of hypertension, 10 analyses of the association between placental measurements and coronary heart disease required subgroups of mothers defined by their body size.
Oval placental surface
We have previously shown that the placentas of babies born after pregnancies complicated by pre-eclampsia had a more oval-shaped surface than those from normotensive pregnancies. 15 Preeclampsia was associated with reduced breadth of the surface but not reduced length. We concluded that disruption of implantation, such as occurs in pre-eclampsia, 16 has a greater effect on growth along the breadth and therefore results in an oval-shaped surface.
The association between an oval placenta and coronary heart disease was confined to men whose mothers were primiparous (Figure 1) . Pre-eclampsia is largely confined to first pregnancies. 16 The processes of early placentation, which include remodelling of the spiral arteries, differ in first and later pregnancies. 17 Spiral arteries being remodelled for the first time differ from those that have been remodelled before. We conclude that an oval placental surface is a marker of disrupted early placentation that occurs in first pregnancies, leads to foetal undernutrition and programmes coronary heart disease. An oval placenta only predicted coronary heart disease in men with short mothers, who are known to be less metabolically competent than tall mothers, having lower rates of protein synthesis during pregnancy. 18 Their foetuses are, therefore, more vulnerable to undernutrition if placental development is disrupted.
Small placental surface
In the second placental phenotype, the surface area and weight of the placenta were reduced. In normal pregnancy placental growth precedes foetal growth and restriction of placental growth jeopardizes the nutrition of the foetus in mid-gestation. 8, 13 Placental growth depends on the structure and function of the mother's uterine wall, which is established during her early development. Foetal growth depends on the availability of nutrients. Restricted placental growth may, paradoxically, have a greater effect in babies who are growing rapidly because their mothers are well nourished. In the present study, small placental area predicted coronary heart disease in mothers who were tall and whose body mass index in pregnancy was above the median. These are likely to have been the best-nourished mothers. We therefore speculate that their foetuses were able to grow rapidly but the placenta restricted their growth in mid-gestation so that they had a low ponderal index at birth.
Large placental surface in relation to birthweight
In the third placental phenotype, the weight and surface area of the placentas were large in relation to birthweight. If ewes are put in poor pasture in mid-pregnancy, so that they become undernourished, the foetus responds by expanding the area of the placenta to extract more nutrients from the mother. 9 If the ewes are returned to good pasture in late gestation, this placental expansion results in a larger lamb than there would otherwise have been. This is profitable for the farmer, and manipulation of placental size by changing the pasture of pregnant ewes is standard practice in sheep farming. There is evidence that similar compensatory placental expansion occurs in humans. 10 Compensatory expansion may be beneficial in some circumstances but if the compensation is inadequate, and the foetus continues to be undernourished, the need to share its nutrients with an enlarged placenta may become a metabolic burden, and the foetus may become thin. In sheep, compensatory expansion can only occur if the ewe was well nourished at the time of mating. 9 Our findings are consistent with this in that the association between coronary heart disease and a large placental area in relation to birthweight only occurred in men whose mothers were tall, but whose body mass index in pregnancy was below the median. The mother's tall stature indicates good nutrition before pregnancy, while their low body mass index may indicate poor nutrition during pregnancy. 19 
Foetal undernutrition and heart development
There are a number of ways in which placental size and foetal undernutrition could initiate coronary heart disease. Foetal undernutrition, reflected in low birthweight, is known to be associated with structural abnormalities in the myocardium of children. 20 It also predicts a number of coronary risk factors in adult life, including hypertension, type 2 diabetes, and the metabolic syndrome. 5 An oval placental surface may be a marker of foetal undernutrition throughout gestation and, depending on the mother, may be associated with these risk factors. A small placental surface has direct effects on the development of the heart in sheep. It suppresses foetal myocyte proliferation and depresses the rate of cardiomyocyte maturation. 21, 22 At birth the heart contains an inadequate endowment of cardiomyocytes. As the number of coronary microvessels is linked to myocyte number, the heart also has an inadequate coronary tree. These are lifelong changes. Consistent with this, in the Helsinki Birth Cohort reduced placental area is associated with chronic heart failure in later life. 23 Compensatory expansion of the placental surface occurs in sheep during midgestation and any adverse metabolic consequences for the foetus are evident in late gestation. In humans, a high placental weight in relation to birthweight is associated with hypertension in later life. 24, 25 Late gestation is a critical period for renal development Maternal2placental size and coronary heart disease during which nephron number is established for life, and reduced nephron number has been proposed as a cause of hypertension. 26 
Limitations of the study
The placental measurements in our study were made during routine obstetric practice 70 years ago. Routine measurements of the placental diameters ceased in Helsinki in the 1970s. We have discussed the simple procedures used with people who worked as midwives at that time. The quality of the measurements was not routinely checked, just as there are no routine checks of other clinical measurements, such as blood pressure. The mean placental weight in our study was above the median recorded in a recent series of deliveries in Europe. 27 One explanation for this could be that the cord and membranes were not trimmed prior to weighing. This would make our estimates of placental thickness less accurate. Measurement errors would tend to diminish associations between placental size and coronary heart disease in later life. The mothers in our study were weighed in late gestation and we are not able to distinguish the effects of pre-pregnancy body mass from those of weight gain in pregnancy.
Our study was restricted to people who had visited child welfare clinics. Although the majority of children visited these clinics, which were free, the visits were voluntary. The people in our study may not be representative of all people now living in Helsinki, although at birth their social class distribution was similar to that in the city as a whole. 4 We identified men with coronary heart disease using the national hospital discharge and mortality registers. The validity of these registers has been established. 28, 29 Our ascertainment of coronary heart disease began in 1970 when the hospital admission register was established. We may therefore have omitted a few men who developed the disease at an unusually young age. The findings in our study cannot be extended to women among whom coronary heart disease is associated with short length at birth rather than thinness. 4 We do not have data on the standard coronary risk factors among the men, and therefore cannot determine the extent to which the associations between coronary heart disease and maternal and placental size are mediated through these risk factors.
Conclusions
Three combinations of maternal body size and placental size predicted later coronary heart disease in men. The disease was associated with (i) an oval placental surface in short mothers, (ii) a small placental surface in tall mothers whose body mass index was above the median, and (iii) a large placental surface in relation to birthweight in tall mothers whose body mass index was below the median. In each combination the babies that later developed coronary heart disease tended to have a low ponderal index, indicating that they were undernourished. We speculate that variations in three processes of normal placental development lead to foetal malnutrition and programme coronary heart disease. We suggest that mother's body size determines whether a placental phenotype programmes coronary heart disease because it reflects the availability of nutrients at the placental surface, and because it affects the development and function of the placenta.
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